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Abstract: We discuss the consequences of relaxing the Minimal Flavour Violation as-
sumption in the up-squark sector on the phenomenology of SUSY models. We study the
impact of the off-diagonal entries in the soft SUSY-breaking matrices on the mass of the
lightest Higgs scalar and we derive the approximate analytical formulae that quantify this
effect. We show that mh can be enhanced by up to 13 − 14 GeV in the case of the phe-
nomenological MSSM with the inverted hierarchy of masses in the squark sector and zero
stop mixing, and up to 4−5 GeV in GUT-constrained scenarios where the magnitude of the
enhancement is mitigated by renormalization group effects. We also perform a global anal-
ysis of an inverted hierarchy GFV scenario, taking into account the experimental bounds
from the measurements of relic density, EW precision observables and B-physics. We show
that the allowed parameter space of the model is strongly constrained by mW , sin
2 θeff and
BR (Bs → µ+µ−), requiring m0(3) < 1500 GeV and m1/2 < 1800 GeV, as well as a large
non-zero (2,3) entry in the up-squark trilinear matrix.
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1 Introduction
The discovery of the Higgs boson [1, 2] was an unquestionable and historical success of
the LHC 8 TeV run. With a mass of around 126 GeV [3], the new scalar is consistent
with the predictions of both the Standard Model (SM) and its minimal supersymmetric
extension. While in the former case the Higgs mass remains a free parameter of the theory,
in the latter it is totally determined by the gauge and soft supersymmetry-breaking (SSB)
sectors. In the Minimal Supersymmetric Standard Model (MSSM) the enhancement from
the tree-level value, necessary to obtain mh in agreement with the experimental data, can
be achieved through radiative corrections to the scalar potential. Those, to be large enough,
require either relatively heavy stops or almost maximal mixing in the stop sector [4].
The phenomenology of the SUSY landscape after the Higgs discovery has been widely
studied in the literature, both in the context of GUT-constrained scenarios, as well as
of models described by a set of supersymmetric parameters defined at the electro-weak
symmetry breaking (EWSB) scale (for a non-comprehensive list of articles see for exam-
ple [5–14]). The vast majority of those analyses were performed under the assumption of
Minimal Flavour Violation (MFV). In this framework the only source of flavour mixing in
the sfermion sector are the CKM and PMNS matrices, so the supersymmetric contribu-
tions the the Flavour Changing Neutral Currents (FCNC) transitions are suppressed via
the super-GIM mechanism, in analogy to what happens in the Standard Model. The MFV
assumption can be realised in two different ways: a) the trilinear terms and soft masses
are aligned with the corresponding Yukawa matrices, thus becoming nearly diagonal af-
ter rotation to the SCKM-basis; b) diagonal entries of soft mass matrices are degenerate
so that the off-diagonal elements in the SCKM-basis are automatically zero. Moreover,
if sfermions are heavy enough, SUSY loop contributions to the FCNC will be naturally
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suppressed regardless the SSB structure. The last assumption, combined with the non-
observation of SUSY particles at the LHC and the fact that the third generation of colour
sfermions should not be too heavy in order to keep the fine tuning of the model reasonably
low [15, 16], seems to somehow favour the pattern of so-called inverted hierarchy (IH) [17],
where the first two generations of sfermions are significantly heavier than the third one.
However, in the most general case, the soft masses and trilinear terms do not need to be
constrained in any way and can be treated as additional free parameters of the model. This
General Flavour Violation (GVF) is a source of what is called the FCNC supersymmetric
problem, as the unrestricted off-diagonal entries of SSB matrices can lead to disastrously
large SUSY contributions to FCNC processes. Note that even in a relatively simple case
when the soft masses and trilinears are diagonal in the interaction basis though not pro-
portional to the unity matrix, after the rotation of the fermion fields to the physical basis
the non-diagonal SSB terms arise, proportional to the mass splitting between the diagonal
entries. This effect is particularly important in the case of the soft mass (m2
Q˜
)ij , where the
mass splitting impact can be enhanced by the corresponding CKM matrix elements.
The FCNC processes are not the only area where a possible discrepancy between the
GFV structure of the soft-SUSY breaking sector and the experimental data can manifest.
Firstly, it was observed in Ref. [18] that the one-loop flavour violating corrections to the
mass of the W boson and the value of sin2 θeff can be very large and therefore provide severe
limits on the allowed parameter space of a supersymmetric model. Secondly, the authors
of Ref. [19] showed that the annihilation cross-section of the neutralino can be enhanced if
the squark mass splitting is increased by GFV effects, and that new annihilation channels
can open due to the presence of a flavour-mixing coupling between squarks and neutralinos.
Finally, also the Higgs sector can be affected by the presence of GFV soft SUSY-breaking
terms. It was shown in Refs. [18, 20] (recently updated in [21]) that the corresponding
radiative corrections to the lightest CP-even scalar mass due to flavour mixings between the
second and third squark generation can be either moderate and positive (up to 2− 4 GeV)
or large and negative, leading to a reduction of mh well below the LEP limit. The latter
effect was also observed in [22].
In this study we pursue the question as to what extent the Higgs boson mass can
be actually enhanced by the non-diagonal SSB terms without introducing heavy stops or
maximal stop mixing. We derive approximate formulae that allow to quantify this effect
analytically. We then show that the strongest Higgs mass enhancement can be achieved
through non-zero (2,3), (3,2), (1,3) and (3,1) entries of the up-squark trilinear coupling for
a particular choice of SSB mass matrices, namely in an inverted hierarchy scenario where
the first two generations of sfermions are significantly heavier than the third one. The
size of the GFV contribution can reach 13 − 14 GeV in the case of the phenomenological
MSSM, and up to 3− 5 GeV for the hierarchical model defined at the GUT scale. We also
show that the enhancement in mh can be significantly reduced by introducing non-zero
stop mixing.
We also analyse the consistency of a GUT-constrained inverted hierarchy scenario with
other experimental data, in particular the measurement of relic density by PLANCK [23],
constraints from B-physics and EW precision observables [24]. We emphasise that the latter
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set of constraints is of key importance as GFV effects due to mass splitting between the
first/second and third generation give rise to large one-loop corrections to mW and sin
2 θeff .
As a consequence, a part of the parameter space corresponding to the universal mass of the
third generation squarks heavier than 1500 GeV is strongly disfavoured. Finally, we point
out a tension between the measurement of BR (Bs → µ+µ−) and the GFV assumption,
which can be significantly reduced if a large non-zero (2,3) entry in the up-squark trilinear
matrix is present.
This paper is organised as follows. In Sec.2 we discuss the enhancement of the Higgs
boson mass due to GFV effects and we derive approximate formulae to quantify their
impact. In Sec.3 we calculate the limits from the FCNC processes, renormalization of the
CKM matrix, and vacuum stability on the relevant GFV parameters. In Sec.4 we analyse
the corresponding effects in the models defined at the GUT scale and show that the Higgs
mass enhancement is reduced due to the effects of RGEs. In Sec.5 we present the results
of a global analysis that combines GFV effects in the Higgs sector with other experimental
data. We summarise our findings in Sec.6.
2 The Higgs boson mass in the GFV MSSM
We will start this section with a brief review of the notation we will be using throughout
the paper. In the interaction basis, the R-parity conserving superpotential of the MSSM
is given by
W = ab[H
b
2Q
a
i (Yu)ijU¯j +H
b
1Q
a
i (Yd)ijD¯j +H
b
1L
a
i (Ye)ijE¯j − µHa1Hb2], (2.1)
where a, b = 1, 2 indicate SU(2) indices and i, j = 1, 2, 3 are generation indices. The soft
SUSY-breaking part of the lagrangian can be written as
Lsoft = Q˜†i (m2Q˜)ijQ˜j + U˜
†
i (m
2
u˜)ijU˜j + D˜
†
i (m
2
d˜
)ijD˜j + L˜
†
imL˜ij L˜j + E˜
†
ime˜ij E˜j+,
+ m2HdH
∗
1H2 +m
2
HuH
∗
2H2 + (m
2
3abH
a
1H
b
2 + h.c.)
+ ab((Tu)ijH
b
2Q˜
a
i U˜
∗
j + (Td)ijH
b
1Q˜
a
i D˜
∗
j + (Te)ijH
b
1L˜
a
i E˜
∗
j ) + h.c.. (2.2)
The rotation of the quark fields into the basis in which they are diagonal - the so called
super-CKM basis - means that also the squarks need to be rotated accordingly (since in
this paper we are only interested in the effects coming from the inter-generation mixing
in the quark/squark sector, we will treat neutrinos as massless, henceforth assuming that
there is no tree-level mixing between the leptons). Defining the quark rotation matrices V
as
QsCKM =
(
V uLU
V dLD
)
, U¯sCKM = V
u
R U¯ , D¯sCKM = V
d
RD¯ (2.3)
and demanding them to diagonalise the Yukawa matrices
Y diagu = V
u
RY
T
u V
u†
L , Y
diag
d = V
d
RY
T
d V
d†
L , (2.4)
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the soft SUSY-breaking mass matrices and the trilinear terms in the super-CKM basis take
the form:
(m2
Q˜
)LL = V
d
Lm
2
Q˜
V d†L , (m
2
U˜
)RR = V
u
Rm
2
u˜V
u†
R , (m
2
D˜
)RR = V
d
Rm
2
d˜
V d†R ,
(m2
U˜
)LR =
v2√
2
V uR (Tu)V
u†
L , (m
2
D˜
)LR =
v1√
2
V dR(Td)V
d†
L . (2.5)
The 6 × 6 mass matrices for the up and down squarks are then constructed as (we follow
here the notation of the SLHA2 [25]):
M2u˜ =
(
K(m2
Q˜
)LLK
† + (mdiagu )2 − cos 2β6 (m2Z − 4m2W )I (m2U˜ )
†
LR −mdiagu µ∗ cotβ
(m2
U˜
)LR −mdiagu µ cotβ (m2U˜ )RR + (m
diag
u )2 +
2 cos 2β
3 m
2
Z sin
2 θW I
)
,
M2
d˜
=
(
(m2
Q˜
)LL + (m
diag
d )
2 − cos 2β6 (m2Z + 2m2W )I (m2D˜)
†
LR −mdiagd µ∗ tanβ
(m2
D˜
)LR −mdiagd µ tanβ (m2D˜)RR + (m
diag
d )
2 − cos 2β3 m2Z sin2 θW I
.
)
(2.6)
In the above mdiagu =
v2√
2
Y diagu and m
diag
d =
v1√
2
Y diagd are the diagonal matrices of quark
masses, θW is the Weinberg angle, tanβ is the ratio of the Higgs doublets’ vacuum expec-
tation values (VEV), tanβ ≡ v2v1 , and I denotes the unity matrix in the generation space.
The CKM matrix is defined as K = V u†L V
d
L . Note that the left-handed blocks in M2u˜ and
M2
d˜
can not be simultaneously diagonal in the SCKM-basis if any mass splitting in (m2Q)LL
is present. That is an important issue and we will come back to it in Sec.5.
It is convenient to parametrise the non-diagonal entries of the squark mass matrices
given in Eq. (2.5) in terms of dimensionless parameters (δij)AB, normalised to the geomet-
rical average of the diagonal elements:
(δuij)AB =
(m2
U˜
)ijAB√
(m2
U˜
)iiBB(m
2
U˜
)jjAA
, (δdij)AB =
(m2
D˜
)ijAB√
(m2
D˜
)iiBB(m
2
D˜
)jjAA
, (2.7)
where for consistency we defined (m2
U˜
)LL = K(m
2
Q˜
)LLK
† and (m2
D˜
)LL = (m
2
Q˜
)LL.
We can now proceed to discuss the dependence of the lightest Higgs boson mass on the
size of parameters (δij)AB. The full one-loop corrections to the masses of the Higgs scalars
in the GFV framework have been calculated by several groups in the diagrammatic ap-
proach and implemented in the publicly available numerical codes, FeynHiggs [26–29] and
SPheno [30, 31]. In the numerical analysis throughout the paper we will use SPheno v.3.2.4.
To have a grasp of possible effects that can arise after taking into account the non-zero
values of parameters (δij)AB, we will start with deriving approximate analytical formulae
for the GFV corrections to the Higgs boson mass. In what follows we adopt the procedure
proposed in Section 6 of Ref. [32], based on the effective potential technique [33, 34], as
well as the subsequent results obtained in Ref. [4] where the effects of the mixing and
non-degeneracy of the soft masses in the stop sector have been thoroughly analysed.
In order to derive relatively simple expressions that would parametrise the GFV effects,
in the following we will limit ourselves to analysing the contribution from the up-squark
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sector only, which is known to be the dominating one1. Let us further assume that the
diagonal elements of the up squark mass matrix M2u˜ are degenerate and equal to the
common mass m˜2. We also neglect the terms of the order of m2Z and all the quarks masses
but mt. The matrix (2.6) takes then the form:
M2u˜ = m˜2

1 (δu12)LL (δ
u
13)LL 0 (δ
u
21)LR (δ
u
31)LR
(δu12)LL 1 (δ
u
23)LL (δ
u
12)LR 0 (δ
u
32)LR
(δu13)LL (δ
u
23)LL 1 +
m2t
m˜2
(δu13)LR (δ
u
23)LR
〈v2〉X˜t√
2m˜2
0 (δu12)LR (δ
u
13)LR 1 (δ
u
12)RR (δ
u
13)RR
(δu21)LR 0 (δ
u
23)LR (δ
u
12)RR 1 (δ
u
23)RR
(δu31)LR (δ
u
32)LR
〈v2〉X˜t√
2m˜2
(δu13)RR (δ
u
23)RR 1 +
m2t
m˜2

, (2.8)
where we defined X˜t = (Tu)33 − Ytµ cotβ in analogy the the common mixing parameter
Xt. Note that the MFV case corresponds to (δij)AB = 0.
We will now discuss the GFV corrections to the Higgs boson mass, assuming various
structures of the mass matrix (2.8). Here we present only the final results. The details of
calculation can be found in Appendix A.
Case 1: No GFV and X˜t 6= 0.
We will start with the well known scenario of non-zero mixing in the stop sector, which
we will use as a reference case while studying the GFV effects. The masses of physical stops
are given by m˜2t1 = m˜
2 +m2t − X˜t v2√2 , m˜2t2 = m˜2 +m2t + X˜t
v2√
2
. The one-loop correction to
mh reads:
∆m2h =
3
8pi2v2
Y 4t v
4
2 ln
m˜2
m2t
+
3v42
8pi2v2
[
X˜2t
m˜2
(
Y 2t −
X˜2t
12m˜2
)]
. (2.9)
If the trilinear term T u33 is proportional to the top Yukawa coupling, T
u
33 = YtA
u
33, the above
expression takes the usual form given in [4].
Case 2: (δu23)LR 6= 0 or (δu13)LR 6= 0 .
The presence of non-zero off-diagonal term (δu23)LR in the mass matrix (m
2
U˜
)LR induces
chirality flipping mixing between stop t˜L and scharm c˜R, leading to the following mass
eigenstates: m2
t˜R
= m2t + m˜
2, m2c˜L = m˜
2, m21 =
1
2m
2
t + m˜
2 − 12
√
m4t + 4m˜
4(δu23)
2
LR, m
2
2 =
1
2m
2
t + m˜
2 + 12
√
m4t + 4m˜
4(δu23)
2
LR, where we assumed that X˜t = 0. Exactely the same
effect arises in the case of u˜R - t˜L mixing, with (δ
u
23)LR replaced by (δ
u
13)LR.
If (δu23)LR >
m2t
2m˜2
(which corresponds to (δu23)LR > 0.06 for m˜ = 0.5 TeV) the masses of
the mixed eigenstates reduce to m2
t˜1
= m˜2+ 12m
2
t+m˜
2(δu23)LR, m
2
c˜1
= m˜2+ 12m
2
t−m˜2(δu23)LR.
Since (δu23)LR depends linearly on the VEV v2 (see Eq. (2.5)), its correction to the Higgs
boson mass is similar to the one generated by the stop mixing term X˜t,
∆m2h((δ
u
23)LR) =
3
4pi2
[
m˜2(δu23)
2
LR
(
1
2
Y 2t sin
2 β − m˜
2(δu23)
2
LR
6v2
)]
. (2.10)
1In principle the contributions from the bottom and tau sectors can become significant for large tanβ.
However, by choosing Ab,τ = 0 and small µ their impact can be strongly reduced.
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M1 M2 M3 At,b,τ µ mA tanβ mL˜,e˜ mQ˜1,2,u˜1,2,d˜ mQ˜3,u˜3
BP1 126 233 670 0 242 1860 20 5950 560 530
BP2 126 233 670 0 362 1712 30 1455 945 850
BP3 126 233 670 0 462 1512 30 2500 1300 1200
Table 1: Input parameters for benchmark points BP1 - BP3 at MSUSY. The masses and trilinear terms
are in GeV.
It is straightforward to check that the maximal effect is expected when (δu23)LR '
√
3/2vYt sinβ/m˜.
Case 3: (δu12)LR 6= 0
The presence of this term induces the mixing between u˜R and c˜L, while the stops remain
degenerate. The masses of the mixed eigenstates are given by m21 = m˜
2 + m˜2(δu12)LR and
m22 = m˜
2 − m˜2(δu12)LR. The terms proportional to v22 are suppressed by the corresponding
Yukawa couplings and have been neglected. On the other hand, since at this point we do
not make any assumption about the size of the non-diagonal term (δu12)LR, its contribution
to the Higgs boson mass should be taken into account and gives:
∆m2h((δ
u
12)LR) = −
3
24pi2v2
m˜4(δu12)
4
LR. (2.11)
Notice that, unlike the case of (δu13)LR or (δ
u
23)LR driven mixing, this contribution is always
negative.
To illustrate the above discussion, we calculated the GFV-corrected Higgs boson mass
with SPheno v.3.2.4 and compared it with the analytical formulae given in Eq. (2.10) and
Eq. (2.11). Our three benchmark points at the scale MSUSY =
√
m˜t1m˜t2 are defined in
Table 1. Gaugino masses, µ and trilinear terms were chosen to suppress the corrections not
related to parameters (δu)LR, in particular those induced by mixing in the sbottom sector.
2
The results are presented in Fig. 1. The thin dashed lines indicate the prediction of the
approximate one-loop formulae, while the solid lines show the output from SPheno. One
observes that mh can be enhanced through the GFV contribution by up to 3 GeV. We
confirm here the results first obtained in Refs. [20] and [21] where a distinctive “M-shape”
Higgs mass dependence on (δu23)LR and (δ
u
32)LR was presented.
Finally, it is worth to make one more remark. An explicit proportionality of ∆m2h to
the common supersymmetric mass scale m˜ in Eqs.(2.10) and (2.11) is not in contradiction
with an expected decoupling property of non-logarithmic finite corrections to the Higgs
boson mass. One should keep in mind that the parameters (δij)LR, defined in Eq. (2.7),
scale as 1/m˜2 when the off-diagonal trilinear terms T uij are fixed, so the GFV corrections
indeed decouple when m˜ increases. As a confirmation, in Fig. 1(c) we show a dependence of
∆m2h on the common SUSY scale for the benchmark points defined in Table 1. The results
were obtained under the assumption that flavour-violating entries T u23 were fixed at the
values allowing for the maximal Higgs boson mass enhancement. As in the previous plots,
2The corresponding corrections to the Higgs boson mass squared, calculated using the formulae given
in [4], do not exceed 1.5 GeV2.
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Figure 1: The enhancement of the Higgs boson mass mh due to flavour violating parameters (a) (δu23)LR
and (b) (δu12)LR for the benchmark points defined in Table 1. (c) Dependence of ∆m
2
h on the supersymmetric
mass scale m˜ for fixed values of Tu23. Thick solid lines indicate the results form SPheno while the thin ones
show the predictions of analytical formulae (2.10) and (2.11).
the thin dashed lines indicate the prediction of the approximate one-loop formulae, while
the solid lines show the output from SPheno. In both cases a clear decoupling behaviour
of the GFV correction can be observed.
Case 4: GFV and non-universal diagonal entries.
An additional effect arises when a mass hierarchy between the diagonal entries of the
matrix (m2
U˜
)LR is observed. Let us consider a kind of inverted hierarchy scenario, assuming
that the first two generations of up squarks have the same common mass m˜2, while the mass
of the third generation is given by m˜3. An approximate analytical formula in the case of
the soft mass splitting in the stop sector have been derived in Ref. [4]. It is straightforward
to extend those results for the case of the inter-generation mixing, using as a reference
– 7 –
M1 M2 M3 At,b,τ µ mA tanβ mL˜,e˜ mQ˜1,2,u˜1,2,d˜ mQ˜3,u˜3
BP4 300 160 1600 0 236 1665 39 3000 5000 756
BP5 300 160 1600 0 189 1310 49 3000 5000 842
BP6 300 160 1600 0 236 1410 49 3000 5000 990
Table 2: Input parameters for benchmark points BP4 - BP6 at MSUSY. The masses and trilinear terms
are in GeV.
Eq. (2.10) . Assuming that only (δu23)LR 6= 0 one obtains
∆m2h((δ
u
23)LR) =
3
4pi2
{
(δu23)
2
LR
m˜22m˜
2
3
m˜22 − m˜23
[
1
2
Y 2t sin
2 β ln
(
m˜22
m˜23
)
+ (δu23)
2
LR
m˜22m˜
2
3
v2(m˜22 − m˜23)
(
2− m˜
2
2 + m˜
2
3
m˜22 − m˜23
ln
(
m˜22
m˜23
))]}
. (2.12)
An immediate consequence of Eq. (2.12) is that the Higgs mass correction due to (δu23)LR
can be strongly enhanced by the mass splitting between the first/second and the third
generation.
In Fig. 2(a) we show the dependence of mh on (δ
u
23)LR for three benchmark points
defined in Table 2. The soft masses of the first two generations were moved to 5 TeV to
account for the effects of large mass splitting, while the heaviness of right-handed sbottom
further reduces the impact from the sbottom mixing, which is now of the order of 0.02 GeV2.
Once more the analytical results (thin grey lines) are compared with the output from
SPheno (thick lines). As was expected, in this case the enhancement of the Higgs boson
mass can be more than twice as large as in the universal mass case, reaching up to 7−8 GeV.
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Figure 2: (a) The enhancement of the Higgs boson mass mh due to flavour violating parameter (δu23)LR.
Thick solid lines indicate the results form SPheno while the thin gray ones show the predictions of analytical
formula (2.12). (b) Dependence of ∆mh on the mass splitting m˜2/m˜3. The benchmark points are defined
in Table 2.
– 8 –
In Fig. 2(b) we show the dependence of ∆mh on the mass difference between scharm
and stop for our three benchmark points. In all the cases we fixed the value of the off-
diagonal entry (Tu)23 in the SCKM-basis, (Tu)23 = −2000 GeV. One can observe that the
effect is maximalised for the mass ratio m˜2/m˜3 at around 2 − 4, while further splitting
tends to reduce it.
Case 5: Impact of X˜t 6= 0.
So far we have limited our discussion to the case with no mixing in the stop sector,
X˜t = 0. In the presence of non-zero X˜t term, the Higgs mass correction takes the form
∆m2h =
3
4pi2
m˜2
[
Y 2t sin
2 β
(
(δu33)
2 +
1
2
(δu23)
2
LR
)
− m˜
2
6v2
(
(δu33)
4 + (δu23)
4
LR + 2(δ
u
33)
2(δu23)
2
LR
)]
(2.13)
for the universal sfermion masses, and
∆m2h((δ
u
23)LR) =
3
4pi2
{
Y 2t sin
2 β
[
(δu33)
2m˜23 +
1
2
(δu23)
2
LR
m˜22m˜
2
3
m˜22 − m˜23
ln
(
m˜22
m˜23
)]
+ (δu23)
4
LR
m˜42m˜
4
3
v2(m˜22 − m˜23)2
(
2− m˜
2
2 + m˜
2
3
m˜22 − m˜23
ln
(
m˜22
m˜23
))
− m˜
4
3
6v2
(δu33)
4
− (δ
u
33)
2(δu23)
2
LR
v2
[
2√
6
m˜22m˜
4
3
m˜22 − m˜23
∣∣∣∣2− m˜22 + m˜23m˜22 − m˜23 ln
(
m˜22
m˜23
)∣∣∣∣1/2
]}
(2.14)
for the hierarchical case. We remind the reader that δu33 = m˜
X˜v2√
2
. The main qualitative
difference with respect to the cases discussed above is the presence of a negative term
∼ (δu33)2(δu23)2LR. This new contribution can easily dilute the Higgs mass enhancement
obatined through (δu23)LR if X˜t becomes large enough with respect to m˜ or m˜3. We show
this effect in Fig. 3 for benchmark points BP1 (panel (a)) and BP4 (panel (b)) and different
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Figure 3: The enhancement of the Higgs boson mass mh due to flavour violating parameter (δu23)LR and
stop mixing term X˜t for benchmark points (a) BP1, and (b) BP4. Thick solid lines indicate the results
form SPheno while the thin ones show the predictions of analytical formulae (2.13) and (2.14).
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choices of X˜t (corresponding to different colours of the solid lines). In particular one can
observe that when the ratio X˜t/m˜ becomes greater that ∼ 1.5, it is no longer possible to
increase mh through the non-zero parameter (δ
u
23)LR.
Case 6: Off-diagonal entries in (m2
U˜
)LL and (m
2
U˜
)RR.
We will now evaluate the contribution to mh due to parameters (δ
u
ij)LL and (δ
u
ij)RR.
Note that in the GFV framework large off-diagonal elements ((m2
U˜
)LL)23 ∼ λ2(m˜22 − m˜23),
where λ ∼ 0.22 is the Cabibbo angle, can naturally appear due to disalignement between
the quark and squark fields if the mass difference between the diagonal elements of the
matrix (m2Q)LL, m˜
2
2 − m˜23, is large.
Let us consider for simplicity the universal case. The masses of the mixed left-handed
eigenstates are given by m21L =
1
2m
2
t + m˜
2 + m˜2(δu23)LR and m
2
2L =
1
2m
2
t + m˜
2− m˜2(δu23)LR
(assuming (δu23)LL >
m2t
2m˜2
). Since (δu23)LL does not depend on v2, it only results in a shift
of the soft mass m˜ that lifts the degeneracy between previously universal soft masses of
the third generation. In such a situation the Higgs mass is corrected by a factor [4]
∆m2h((δ
u
23)LL) =
3
8pi2
m4Z
v2
cos 2β(1− 8
3
sin2 θW )(
m2t
m2Z
+
1
6
cos 2β) ln(1 + (δu23)LL). (2.15)
This contribution is proportional to the mass scale of the EW sector and therefore neg-
ligible, unless the parameter (δu23)LL becomes very large. The same effect is observed for
(δu13)LL.
On the other hand, the non-zero value of the parameter (δu12)LL does not influence mh
at one-loop level, since it does not trigger the mixing with the third generation.
Case 7: More than one (δuij/ji)LR 6= 0.
Finally, we will analyse the impact of two simultaneously non-zero parameters (δuij/ji)LR.
The net effect strongly depends on which pairs are considered. If the GFV entries are
present in two separate blocks of the matrix (m2
U˜
)LR, namely upper and lower triangle, the
individual contributions to ∆mh will sum up allowing for much stronger enhancement of the
Higgs boson mass. In Fig. 4(a) we show this effect for (δu23)LR = (δ
u
32)LR for three bench-
mark points defined in Table 2. It turns out that mh can be lifted up even by 14−15 GeV.
The same effect would be observed in the case of (δu13)LR = (δ
u
31)LR and (δ
u
23)LR = (δ
u
31)LR.
On the contrary, if one considers two GFV entries in the same block of (m2
U˜
)LR, the net
effect will be limited as the parameter (δu23)LR in Eq.2.10 and Eq.2.12 will be replaced by
δeff =
√
(δuij)
2
LR + (δ
u
ik)
2
LR. This can be seen in Fig. 4(b) for (δ
u
23)LR = (δ
u
13)LR.
Note that in this case the diluting effect, observed for X˜t, is absent as a negative mixed
term ∼ (δu23)LR(δu32)LR does not appear.
3 Limits on (δu13)LR, (δ
u
31)LR, (δ
u
23)LR and (δ
u
32)LR
In this section we will discuss the consistency of the GFV scenarios analysed above with
both the experimental data and a theoretical requirement of the vacuum stability. In the
former case, the strongest limits on the allowed values of the off-diagonal entries in the
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Figure 4: The enhancement of the Higgs boson mass mh due to flavour violating parameters (a)
(δu23)LR = (δ
u
32)LR, and (b) (δ
u
23)LR = (δ
u
13)LR. The benchmark points defined in Table 2.
SSB terms come from the measurements of the FCNC transitions. The influence of vari-
ous flavour changing processes on the corresponding parameters δij have been thoroughly
discussed in the literature, see for example Ref. [35, 36]. Interestingly, the four most im-
portant parameters from the point of view of the Higgs boson mass enhancement, namely
(δu13)LR, (δ
u
31)LR, (δ
u
23)LR, and (δ
u
32)LR, are very weakly bounded by flavour constraints. In
fact, there are only a few ways of constraining the (1, 3) and (2, 3) sectors of the left-right
mixing blocks in M2u˜.
The chargino-squark loop contributions to rare decays b → sγ, b → dγ, Bs → µ+µ−,
as well as to B¯0s −B0s and B¯0d−B0d mixing, can provide upper bounds on the allowed values
of the chirality flipping deltas. This possibility has been investigated in Refs. [20] and [21],
where the limits on (δu23)LR and (δ
u
32)LR have been derived. The actual strength of the
bounds clearly depends on the choice of the parameter space, though (δu32)LR as large as
0.22 can be excluded in certain cases, mainly through the measurement of BR
(
B→ Xsγ
)
.
A chargino-loop contribution to the semileptonic decay B¯ → K∗l+l− has been recently
analysed in Ref. [37]. It was shown that a strong bound (δu23)LR < 0.1 can be derived for
mu˜3 ∼ 300 GeV and large stop mixing. A similar study has been performed in Ref. [38, 39]
for the K → piνν¯ decay and K¯0 −K0 mixing, providing bounds on (δu23)LR and (δu13)LR.
However, it should be emphasised that the actual limits depend on the flavour-diagonal
MSSM masses and in general become effective only for relatively light up-squarks with
masses below several hundred GeV.
The other way of constraining the chiralilty changing entries ofM2u˜ would be through
rare decays of the top quark, t → hc and t → hu. A recent analysis by CMS, based on
19.5/fb of data at
√
s = 8 TeV, puts the upper limit on the t → hc branching ratio as
BR(t→ hc) < 5.6×10−3 [40]. This result, however, is still almost two orders of magnitude
larger than the corresponding branching ratios calculated in the MSSM, 6×10−5 [22, 41, 42],
and henceforth does not provide constraints on the GFV parameters (δu23)LR and (δ
u
32)LR.
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BP1 BP2 BP3 BP4 BP5 BP6 FCNC process
(δu23)LR [−0.87 : 0.55] − − − − − b→ sγ
(δu32)LR [−0.2 : 0.52] − − [−0.15 : 0.3] [−0.16 : 0.19] [−0.2 : −] b→ sγ (Bs → µ+µ−)
(δu13)LR − − − − − − −
(δu31)LR [−0.45 : 0.55] − − − − − K+ → pi+νν¯
Table 3: Limits on the parameters (δu13)LR, (δu31)LR, (δu23)LR and (δu32)LR from the FCNC processes
discussed in the text. The benchmark points are defined in Table 1 and Table 2. In the last column a
process that provides the strongest bound is shown.
In Table 3 we present the limits on the flavour-violating parameters (δu13)LR, (δ
u
31)LR,
(δu23)LR and (δ
u
32)LR for six benchmark points defined in Table 1 and Table 2, obtained
by considering the following FCNC processes: b → sγ, Bs → µ+µ−, Bd → µ+µ−, ∆MBs ,
K0 → pi0νν¯ and K+ → pi+νν¯. The flavour observables were calculated with the public
code SUSY FLAVOR v2.10 [43], and the following experimental measurements were applied:
BR
(
B→ Xsγ
)
= 3.43 ± 0.3 × 10−4 [44], BR (Bs → µ+µ−) = 2.9 ± 0.76 × 10−9 [45, 46],
BR (Bd → µ+µ−) < 7.4×10−10 [45, 46], ∆MBs = 1.166±0.158×10−11 GeV [24], BR(K0 →
pi0νν¯) < 2.6 × 10−8 [24], BR(K+ → pi+νν¯) = 1.73 ± 1.15 × 10−10 [24], where theoretical
and experimental errors were added in quadrature. When deriving the limits on δij , a 2σ
deviation from the experimentally measured central value was allowed.
One can observe that the benchmark point BP1 is the only one that can be significantly
constrained by the FCNC processes. This had to be expected as BP1 is characterised by
the lightest SUSY spectrum. More importantly, however, even after imposing the FCNC
constraints the maximal Higgs mass enhancement through all parameters δij discussed in
the previous section is still possibile. One can also notice that b → sγ seems to be the
strongest experimental constraint, which is in agreement with the findings of Refs. [20]
and [21]. Interestingly, it can provide stringent bounds on the allowed values of parameter
(δu32)LR for the points with the hierarchical up-squark matrices (mainly due to the large
values of tanβ), which however remain consistent with the values required to increase mh.
The off-diagonal entries in the SSB matrices can also be bounded by requiring that the
radiative corrections to the CKM elements generated through the squark-gluino loops do
not exceed the experimental values, as discussed in Ref. [47–49]. In fact, such limits can be
stronger than the FCNC ones if SUSY spectrum is heavier than 500 GeV and they become
even more effective when the squark mass increases. The bound on (δu31)LR is particularly
important in that context as it was shown to be very strong [47–49].
In Table 4 we present the limits on the flavour-violating parameters (δu13)LR, (δ
u
31)LR,
(δu23)LR, and (δ
u
32)LR after the inclusion of chirally enhanced corrections to CKM ma-
trix elements. The corrections were calculated with SUSY FLAVOR v2.10 and the follow-
ing experimental values were assumed: Vts = 0.0429 ± 0.0026, Vcb = 0.0409 ± 0.0011,
Vub = 0.00415 ± 0.00049 [24]. One can immediately see that the impact of those addi-
tional constraints is dramatic. The non-zero values of (δu31)LR are now totally excluded
by demanding that a radiative correction to Vub does not exceed the experimentally mea-
sured value. Also (δu32)LR becomes very strongly constrained. However, the Higgs mass
– 12 –
BP1 BP2 BP3 BP4 BP5 BP6
(δu23)LR [−0.45 : 0.35] [−0.15 : 0.12] [−0.14 : 0.12] excl. excl. excl.
(δu32)LR [−0.05 : 0.04] [−0.02 : 0.02] [−0.05 : 0.02] [−0.04 : 0.01] [−0.04 : 0.01] [−0.02 : 0.01]
(δu13)LR − − − − − −
(δu31)LR excl. excl. excl. excl. excl. excl.
Table 4: Limits on the parameters (δu13)LR, (δu31)LR, (δu23)LR and (δu32)LR from the FCNC processes
discussed in the text and the chirally enhanced corrections to CKM matrix elements. The benchmark
points are defined in Table 1 and Table 2.
enhancement is still perfectly possible with (δu13)LR 6= 0 as this parameter remains virtually
unconstrained.
Additional bounds on the flavour-violating parameters (δu13)LR, (δ
u
31)LR, (δ
u
23)LR and
(δu32)LR arise from the requirement that the EW vacuum is stable. The scalar potential of
the MSSM can develop a charge/color breaking (CCB) minimum lower than the EW one,
or it can become unbounded from below (UFB), if the trilinear couplings are too large [50–
54]. More importantly, unlike the FCNC constraints, these kind of bounds do not weaken
when MSUSY increases. In the case of the up-squark sector the corresponding formulae for
the CCB limits are given by [54]
(δui3)LR ≤ mt
[(m2
U˜
)iiLL + (m
2
U˜
)33RR +m
2
Hu
+ µ2]1/2
(mU˜ )
ii
RR(mU˜ )
33
LL
, i = 1, 2, (3.1)
and the bounds on (δu3i)LR are obtained by switching the indices 3 and i. Similarly, the
UFB limits read [54]
(δui3)LR ≤ mt
[(m2
U˜
)iiLL + (m
2
U˜
)33RR + (m
2
L˜
)iiLL + (m
2
L˜
)33RR]
1/2
(mU˜ )
ii
RR(mU˜ )
33
LL
, i = 1, 2. (3.2)
Note that the denominator in the above expressions differ from the one shown in [54] due
to different normalization of the parameters δij in Eq. (2.7).
In Table 5 we present the vacuum stability bounds on the flavour-violating parameters
(δu13)LR, (δ
u
31)LR, (δ
u
23)LR, and (δ
u
32)LR for our six benchmark points. The limits are the
same for all considered deltas due to the fact that two first generations of sfermions are
degenerate. The CCB bounds are much more constraining than the UFB ones, mainly
due to the presence of heavy sleptons in the spectrum. This effect is particularly strong
for the benchmark points BP1-BP3, characterized by relatively light squarks. One can
also observe that the bounds become stronger when the masses of the up-squark increase.
BP1 BP2 BP3 BP4 BP5 BP6
CCB ≤ 0.47 ≤ 0.28 ≤ 0.20 ≤ 0.23 ≤ 0.21 ≤ 0.18
UFB ≤ 4.90 ≤ 0.52 ≤ 0.44 ≤ 0.30 ≤ 0.27 ≤ 0.23
Table 5: CCB and UFB vacuum stability bounds on the parameters (δu13)LR, (δu31)LR, (δu23)LR and
(δu32)LR. The benchmark points are defined in Table 1 and Table 2.
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It should be emphasised, however, that the derived limts are consistent with the value
of parameters δij necessary for the maximal or nearly maximal enhacement of the Higgs
boson mass.
On the other hand, the appearance of the CCB minimum does not necessarily need
to be a problem for a model, as long as the lifetime of the EW vacuum is longer than
the age of the universe. The derivation of the metastability limits is quite complex and
involves numerical calculation of the bounce action for a given scalar potential. Such an
analysis was performed in Ref. [55] in the context of the off-diagonal trilinear terms. It was
shown that the resulting metastability bounds do not depend on the Yukawa couplings and
therefore are in general much less stringent than the CCB ones. The effect is, however,
least significant for (δu13)LR, (δ
u
31)LR, (δ
u
23)LR, and (δ
u
32)LR, where the upper limit from
vacuum stability requirement can be weakened by only 10− 15%.
4 GFV effects in GUT-constrained scenarios
In the previous section we showed that the mass of the lightest Higgs boson can be signifi-
cantly enhanced by non-zero chirality changing mixing between the third and second/first
generations, triggered by the presence of non-zero off-diagonal entries in the trilinear cou-
pling matrix (m2
U˜
)LR. In this section we will analyse the corresponding GFV effects in the
framework of GUT-constrained scenarios. Here the dependence of mh on the parameters
δij is slightly more complicated, as one must take into account the RGE evolution of the
input parameters between the scales MGUT and MSUSY.
While working in the framework of General Flavour Violation, it is convenient to
rewrite the corresponding RGEs in the SCKM-basis. Then the input parameters at the
GUT-scale are defined in the basis in which the Yukawa matrices are diagonal and the
flavour violating effects manifest themselves through the presence of the CKM-matrix el-
ements in the RG equations. From now on we will always assume that the soft terms at
MGUT are given in the SCKM-basis.
Let us first analyse the impact of the non-zero element (Tu)23 in the up-squark trilinear
matrix Tu. The only RGEs directly affected by its presence (neglecting the contribution
from g1 and g2 and all the Yukawa couplings but Yt) are:
d(Tu)23
dt
=
1
16pi2
(Tu)23
(
8Y 2t −
16
3
g23
)
,
m2Hu
dt
=
6
16pi2
(
Y 2t m
2
Hu + Y
2
t m
2
Q˜3
+ Y 2t m
2
u˜3 +
∑
i
(Tu)
2
ii + (Tu)
2
23
)
, (4.1)
where we used the formulae given in [56]. Therefore, two effects are present while evolving
the soft SUSY-breaking parameters down from the GUT scale: a) reduction of the soft
squark masses due to a positive contribution to mHu from (Tu)23 and, b) increase of the
term (Tu)23 driven by top-Yukawa. Both factors make (δ
u
23)LR at MSUSY increase, thus
facilitating the mh enhancement. On the other hand, lower squark masses mean lowering
of the Higgs boson mass with respect to the MFV case. Therefore, in order to increase
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C1 C2 C3 C4 C5 I1 I2 I3 I4 I5
m0(1, 2) 2320 1320 1320 900 900 8000 5000 5000 3000 3000
m1/2 1380 1080 1080 508 508 1380 1080 1080 508 508
A0 0 0 2000 0 1000 0 0 1000 0 1000
tanβ 31 28 28 18 18 31 28 28 18 18
m0(3) 2320 1320 1320 900 900 2320 1320 1320 900 900
Table 6: Input parameters for benchmark points at MGUT. Letter C refers to the CMSSM boundary
conditions while I to the inverted hierarchy scenario. The masses and trilinear terms are in GeV.
the scalar mass mh in a GUT-constrained scenario, the former effect should dominate the
latter.
In Fig. 5(a) we show the dependence ∆mh vs (δ
u
23)LR for five benchmark points with
mSUGRA inspired universal boundary conditions at the GUT scale. The input values
of the soft parameters are given in Table 6 (labelled with C) and the off-diagonal entry
(Tu)23(MGUT), denoted as T0, is varied in the range [−3000 : 3000] GeV. The reference
value of the Higgs boson mass in the case of Minimal Flavour Violation corresponds to
T0 = 0. In Fig. 5(b) we present the same mass dependence as a function of T0. As one can
see, the enhancement of the Higgs boson mass with respect to the MVF case is still possible,
but its magnitude is mitigated by the RG running so it does not exceed 2 GeV. The effect
is distinctly strongest for the benchmark points C3 and C5, which are characterised by the
ratio A0/m1/2 ' 2.
To better understand the mechanism underlying this behaviour, let us write down
approximate formulae that quantify the dependence of the relevant soft SUSY-breaking
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Figure 5: The enhancement of the Higgs boson mass mh due to parameter T0 as a function of (a)
(δu23)LR, and (b) T0 in the CMSSM. The benchmark points are defined in Table 6.
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terms at the EW scale on the input GUT-scale parameters:
(m2
Q˜
)33(MEW) ' 2.96m21/2 − 0.07A20 − 0.31T 20 + 0.14A0m1/2 + 0.73m20,
(m2
U˜
)22(MEW) ' 3.56m21/2 + 0.1A20 − 0.96T 20 − 0.03A0m1/2 + 0.97m20,
(Tu)23(MEW) ' −0.04m1/2 + 1.34T0. (4.2)
The expansion coefficients multiplying the input parameters in the above polynomial have
been calculated for the benchmark point C3 with SPheno v.3.2.4. Since they only depend on
the RGE running of the masses and trilinear terms, they do not change over the parameter
space by more than 10–20% and the qualitative conclusions derived for a sample point are
quite universal. From Eq. (4.2) it is easy to see that with all other parameters fixed, larger
m0 allows for larger values of T0 before any of the soft mass (m
2
Q˜
)33 or (m
2
U˜
)22 becomes
negative at MEW. That is confirmed by Fig. 5(b) while comparing the maximal allowed
T0 for the points C1, C3 and C5. Of course, for the points with larger m0 the maximal T0
corresponds to smaller (δu23)LR, as the suppression of its value due to soft masses is stronger
than the enhancement through T0. Therefore in Fig. 5(a) the pattern of benchmark points
is inverted.
The impact of A0 is somehow more subtle. With all other parameters fixed, larger A0
also makes it easier to obtain larger T0. This effect is, however, much weaker than the one
due to m0, since (m
2
U˜
)22 essentially does not depend on A0 and is quickly driven below zero
when T0 increases. This behaviour is particularly clear when both m0 and m1/2 are small,
as can be seen for the points C4 and C5 for which the maximum T0 is almost the same.
On the other hand, exactly the same feature makes it possible to enhance the Higgs mass
more than in the case with A0 = 0. A closer look at Eq. (4.2) shows that for a given set of
input parameters there exists a range of T0 when even a small change in its value results
in a quick drop of (m2
U˜
)22(MEW) and, subsequently, a quick rise of (δ
u
23)LR (this tends to
happen for smaller T0 when m0 becomes smaller). Therefore, larger A0 allows for slightly
larger T0 and that is enough to enhance mh.
On the other hand, it was pointed out in Sec.2 that the effects due to inter-generation
mixing can be stronger in the case of large mass splitting between stops and scharms
of different chiralities. In Fig. 6(a) we show the dependence ∆mh vs (δ
u
23)LR for five
benchmark points defined in Table 6 (labelled with I), and in Fig. 6(b) the dependence
∆mh vs T0. All the input parameters but m0(1, 2) are equal to the ones analysed in the case
with universal boundary conditions. The amount of mass splitting between the first/second
and third generations have been chosen to maximalise the impact of (δu23)LR, as discussed in
Sec.2. One can see that in this scenario the Higgs boson mass can be enhanced more than
in the CMSSM, up to 5 GeV. This is a direct consequence of the mass splitting between
the up-squarks. The EW-scale value of (m2
U˜
)22 is now modified as
(m2
U˜
)22(MEW) ' 4.6m21/2 + 1.16A20− 1.05T 20 + 0.01A0m1/2− 0.03m02(3) + 0.24m02(1, 2),
(4.3)
so its dependence on T0 is weaker with respect to the dependence on other parameters.
As a result, the drop of the soft masses due to T0 is now much slower and (δ
u
23)LR can be
largely increased before (m2
Q˜
)33 becomes negative.
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Figure 6: The enhancement of the Higgs boson mass mh due to parameter T0 as a function of (a)
(δu23)LR, and (b) T0 in the inverted hierarchy scenario. The benchmark points are defined in Table 6.
Finally we will analyse the case with both (Tu)23 and (Tu)32 different from zero and
equal to T0 at the GUT-scale. After the discussion in Sec.2 one could expect that the
enhancement of the Higgs boson mass will be now much stronger. Fig. 7 shows that while
it is in fact possible for the CMSSM (panel (a)), it is totally not the case in the inverted
hierarchy scenario (panel (b)). The reason is once more the RGE running. For the IH mass
pattern the renormalization of the soft term (m2
Q˜
)33 due to both off-diagonal entries is so
strong that it quickly dominates the effect of the increased T0.
To summarise the findings of this section, we will briefly comment on possible impli-
cations of the GFV contributions to the Higgs boson mass on the phenomenology of two
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Figure 7: The enhancement of the Higgs boson mass mh due to parameter (Tu)32 = (Tu)23 = T0 for (a)
CMSSM, and (b) inverted hierarchy scenario. The benchmark points are defined in Table 6.
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Figure 8: Iso-contours of mh in the (mt˜1 ,mg˜) plain for (a) CMSSM, and (a) inverted hierarchy with
m0(1, 2) = 3m0(3). In both plots A0 = 0, tanβ = 30, while the off-diagonal entry (Tu)23 = T0 is set at
T0 = 0 (gray), T0 = −2000 GeV (dark red), and T0 = −3000 GeV (light blue).
scenarios discussed above, and in particular on the allowed masses of stops and gluinos
(the full phenomenological analysis is a subject of the next section). In Fig. 8 we show
the iso-contours of mh in the (mt˜1 ,mg˜) plain for (a) CMSSM, and (b) inverted hierarchy
scenario with m0(1, 2) = 3m0(3). The universal scalar and gaugino masses where scanned
freely, while the remaining parameters were kept fixed at A0 = 0 and tanβ = 30. The
colours correspond to different values of the off-diagonal entry (Tu)23 = T0 at the GUT
scale: T0 = 0 (gray), T0 = −2000 GeV (dark red), T0 = −3000 GeV (light blue). The lines
break when reaching the region of the parameter space corresponding either to no EWSB,
or to tachyonic stop, or to the sequence of stop and gluino masses that cannot be obtained
given the input parameter range. We do not show those regions explicitly on the plots as
their position depends on the choice of T0.
From Fig. 8 one can see that the impact of T0 is particularly important in the in-
verted hierarchy case. If T0 = −3000 GeV, the Higgs boson with the mass at 125 GeV
can be obtained for mt˜1 = 1370 GeV, mg˜ = 2500 GeV and a small stop-sector mixing
|Xt/MSUSY| = 0.82. On the other hand, if T0 = 0 the corresponding value of mh requires
mt˜1 = 2850 GeV and mg˜ = 3600 GeV.
On the contrary, the impact of non-zero T0 in the case of the CMSSM is not particularly
strong.
5 Global analysis
So far we have discussed the possibility of enhancing the Higgs boson mass through the
GFV corrections to the scalar potential without questioning the validity of such scenarios
when confronted with the experimental data. To address this issue, in this section we
will study the phenomenology of the GUT-constrained inverted hierarchy scenario in the
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context of its predictions about the relic density of dark matter, EW precision observables
and flavour physics.
The numerical analysis was performed with the package BayesFITSv3.1, described in
detail in [5]. The package is linked to MultiNest v2.7 [58] for sampling. Mass spectra
are calculated with SPheno v3.2.4; the branching ratios BR
(
B→ Xsγ
)
, BR (Bs → µ+µ−)
and BR (Bu → τν) as well as mass difference ∆MBs and SUSY contribution to anomalous
magnetic moment of the muon δ (g − 2)SUSYµ with SUSY FLAVOR v2.10; the relic density
and spin-independent neutralino-proton cross section σSIp with DarkSUSY v5.0.6 [59]; and
EW precision constraints with FeynHiggs v2.10.0. To include the exclusion limits from
Higgs boson searches at LEP, Tevatron, and the LHC and the χ2 contributions from the
Higgs boson signal rates from Tevatron and the LHC we use HIGGSBOUNDS v1.0.0 [60–62]
interfaced with HIGGSSIGNALS v1.0.0 [63]. The SM parameters (Mt, mb(mb)
MS , αem and αs)
where treated as nuisance parameters and randomly drawn from a Gaussian distribution
around the central value. The experimental constraints applied in the analysis are listed in
Table 7. Note that we do not assign any statistical interpretation to the presented results.
We scanned the input parameters of the model in the following ranges:
100 GeV ≤ m0(3) ≤ 6000 GeV 1 ≤ m0(1, 2)/m0(3) ≤ 10, 100 GeV ≤ m1/2 ≤ 3000 GeV
3 ≤ tanβ ≤ 62, −3000 GeV ≤ T0 ≤ −1000 GeV. (5.1)
The universal trilinear coupling was set as A0 = 0. This choice comes from the fact that
our main interest is to investigate the possible enhancement of mh in the situation when
the mixing in the stop sector is far from its maximal value. For the same reason we scanned
the parameter T0 far from zero.
In Fig. 9 we show the distribution of the model points in the planes corresponding to
the input parameters: (a) (m0(3), m1/2), (b) (m0(1, 2), m0(3)), (c) (tanβ, T0). The points
presented as grey squares satisfy 2σ bounds on the Higgs mass and the relic density, while
the ones depicted as green circles additionally belong to 2σ acceptance region for the EW
Measurement Mean or range Error: exp., th. Ref.
mh (by CMS) 125.7 GeV 0.4 GeV, 3 GeV [3]
Ωχh
2 0.1199 0.0027, 10% [23]
BR
(
B→ Xsγ
)×104 3.43 0.22, 0.21 [44]
BR
(
Bs → µ+µ−
)× 109 2.9 0.7, 10% [45, 46]
BR (Bu → τν)×104 0.72 0.27, 0.38 [57]
∆MBs × 1011 1.166 GeV 0.008 GeV, 0.158 GeV [24]
sin2 θeff 0.23146 0.00012, 0.00015 [24]
MW 80.385 GeV 0.015 GeV, 0.015 GeV [24]
Mt 173.34 GeV 0.76 GeV, 0 [24]
mb(mb)
MS 4.18 GeV 0.03 GeV, 0 [24]
α−1em 127.916 1.00.015, 0 [24]
αs 0.1184 0.0007, 0 [24]
Table 7: The experimental constraints applied in the analysis.
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(a) (b)
(c)
Figure 9: Scatter plots of the IH scenario points in the planes of (a) (m0(3), m1/2), (b) (m0(1, 2), m0(3)),
and (c) (tanβ, T0). The grey squares correspond to the points satisfying the 2σ bounds on the Higgs mass
and the relic density, the green circles additionally satisfy the 2σ bound on the EW precision observables,
while the brown crosses all the constraints listed in Table 7.
precision observables mW and sin
2 θeff . Finally, the brown stars correspond to those points
that satisfy at 2σ all the experimental constraints listed in Table 7.
The requirement of satisfying the bound on the relic density is usually the most strin-
gent one. The only dark matter candidate in the analysed scenario is the lightest neutralino.
In the narrow region spanned around m0 ≈ 1 TeV it is predominantly bino-like and the
proper value of the relic density is obtained through neutralino co-annihilation with the
lightest slepton (stau). The corresponding value of tanβ is limited to 40 − 60, while the
off-diagonal entry T0 remains unconstrained. On the other hand, in a vast region with m0
between 5−6 TeV neutralino is a mixture of bino and higgsinos. Subsequently, the annihi-
lation cross-section is enhanced by a non-zero higgsino component that opens a possibility
of efficient annihilation into gauge bosons through a t-channel exchange of higgsino-like χ˜±1
and χ˜02. In Fig. 9(c) this region corresponds to a narrow strip around T0 = −1200 GeV
spanned over the wide range of tanβ, and it is not shown in Fig. 9(b).
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(a) (b)
(c) (d)
Figure 10: Scatter plots of the IH scenario points in the planes of (a) (BR
(
Bs → µ+µ−
)
,mA), (b)
(T0,mh), (c) (mt˜1 ,mg˜), (d) (mχ˜01
,σSIp ). The colour code is the same as in Fig. 9.
The situation severely changes after imposing constraints from the EW precision mea-
surements. The whole part of the parameter space corresponding to m0(3) > 1500 GeV
and m0(1, 2) > 2000 GeV is now disfavoured at 2σ level. This is a direct consequence of
abandoning the MFV assumption. After the matrix (m2
Q˜
)ij is rotated to the SCKM-basis,
an off-diagonal element ((m2
U˜
)LL)23 ∼ λ2(m˜22−m˜23) is generated. Since in the inverted hier-
archy scenario the corresponding mass difference between the diagonal entries is large, the
flavour violating term ((m2
U˜
)LL)23 is substantial and induces large 1-loop corrections to the
electroweak parameter ρ, and consequently to mW and sin
2 θeff , as discussed in details in
Ref. [18]. One can also observe an upper bound on the gaugino mass term m1/2 < 1800 GeV
in the τ˜ -coannihilation region that translates into a lower bound on T0 > −2500 GeV. It
results from the fact that as long as m0(3) remains low, the squark soft masses become
much more strongly renormalised when m1/2 increases. In effect, MSUSY also increases and
the impact of the off-diagonal entry ((m2
U˜
)LL)23 is stronger.
Finally, after all the experimental constraints listed in Table 7 are taken into account,
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the only parameter that becomes further affected is T0, now disfavoured above −1400 GeV.
The main reason here is a tension with BR (Bs → µ+µ−) measurement. A supersymmetric
contribution to this branching ratio is driven by a factor BR (Bs → µ+µ−) ∼ tanβ6m4A [64].
In Fig. 10(a) we show a distribution of the analysed points in the (BR (Bs → µ+µ−) ,mA)
plane. Comparing this plot with Fig. 9(c) one can observe that in the τ˜ -coannihilation
region mass of the pseudoscalar A significantly decreases when |T0| becomes smaller, while
in the mixed bino-higgsino region it stays always above 2500 GeV. Additionally, in the
former case tanβ is bound to be large. Remembering that m2A ∼ −m2Hu for large tanβ,
this behaviour can be qualitatively understood from an approximate relation between the
value of m2Hu at the EW-scale and the GUT-scale input parameters:
(m2Hu)(MEW) ' − 0.96m21/2 − 0.40A20 − 0.38T 20 + 0.61A0m1/2
+ 0.02m0
2(3) + 0.003m0
2(1, 2), (5.2)
which was derived for a sample point m1/2 = 1500 GeV, m0(3) = 1000 GeV, m0(1, 2) =
1000 GeV, T0 = −1500 GeV, tanβ = 50 and A0 = 0. It is now clear from Eq. (5.2) that the
mass of a CP-odd scalar is enhanced when the value of GFV entry T0 increases, making
it easier to accommodate predictions of the model within the experimental bounds. In
particular, we checked in a supplementary scan that when T0 = 0, the whole parameter
space of the analysed scenario is disfavoured by the BR (Bs → µ+µ−) constraint.
We would like to emphasise the importance of this effect. When the MFV assump-
tion is abandoned, the experimental measurement of the branching ratio for rare decay
Bs → µ+µ− strongly disfavours inverted hierarchy scenarios unless large T0 is introduced.
Interestingly, the same parameter can be responsible for enhancement of the Higgs boson
mass without the need of introducing large stop mixing.
We conclude this section with a brief discussion of the most relevant phenomenological
features characterising the considered model. In Fig. 10 we present distributions of points
in the planes of (a) (BR (Bs → µ+µ−),mA), (b) (T0,mh), (c) (mt˜1 ,mg˜), and (d) (mχ˜01 ,σSIp ).
The colour code is the same as in Fig. 9. From Fig. 10(b) one can see that for m0(3)
fixed at ∼ 1000 GeV the Higgs mass in the ballpark of 126 GeV can be easily obtained
by increasing T0, as discussed in the previous sections. However, the bounds from the EW
precision measurements strongly disfavour the region of mh > 126 GeV.
The allowed spectrum of SUSY particles is characterised by the lightest up-squarks
heavier than 1600 GeV and gluinos heavier than 2500 GeV. While far beyond the reach
of the LHC 8 TeV, spectra of that kind might be still accessible by the LHC 14 TeV with
3000/fb of collected data. Bino-like neutralino can be as light as 500 GeV in this scenario,
therefore multi-jet signatures with large amount of missing energy seem to be a promising
tool for testing such spectra in the proton colliders. On the other hand, they will probably
remain beyond the reach of direct dark matter detection experiments, as the corresponding
spin-independent proton-neutralino cross-section is in general too low to be tested. This
can be inferred from Fig. 10(d) where the dashed lines show the 90% C.L. exclusion bound
by LUX [65] (blue line) and a projected sensitivity by XENON1T [66] (purple line).
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6 Conclusions
In this study we analysed the phenomenology of SUSY scenarios beyond the Minimal
Flavour Violation. As the general topic is very broad, we concentrated on the effects from
the up-squark sector only.
Firstly, we investigated the possibility of enhancing the Higgs boson mass through
non-zero entries in the SSB squark matrices that generate additional contributions to the
one-loop scalar potential. The largest effect was achieved through non-zero (2,3), (3,2),
(1,3) and (3,1) entries of the up-squark trilinear coupling in the absence of mixing in the
stop sector. Interestingly, the GFV parameters responsible for the mh enhancement are
not very strongly constrained neither by the FCNC transitions nor by the vacuum stability
bounds, and therefore can be kept relatively large. We also showed that the effect can be
stronger in a class of models where the first/second generation of the up squarks is heavier
than the third one.
Secondly, we analysed the phenomenology of a class of GUT-constrained models that
assume inverted mass hierarchy in the squark sector. Such scenarios are particularly sen-
sitive to GFV effects as non-degenerate squarks of the second and third generations gives
rise to a large flavour violating entry ((m2
U˜
)LL)23 after the rotation to the SCKM-basis.
Although it does not affect the value of the Higgs boson mass, the presence of such an
entry has other important consequences. First of all, it induces large loop contributions
to the EW precision observables mW and sin
2 θeff . Consequently, the allowed parameter
space of the model is strongly limited to the values of m0(3) below 1500 GeV. Secondly, the
same entry strongly reduces the mass of the CP-odd Higgs boson in the τ˜ -coannihilation
strip, leading to dangerously large enhancement of BR (Bs → µ+µ−). This effect, however,
can be counterbalanced by the presence of a large non-zero (2,3) entry in the SSB trilinear
matrix of the up squarks.
The latter observation suggests that once the MFV assumption is lifted, a no-trivial
GFV structure in the up squark sector is required for all the experimental constraints to be
satisfied. Moreover, it was shown in Ref. [67] that mixing between the right-handed charm
and top squarks can reduce the experimental LHC bound on the stop mass, explaining the
hitherto null result of the SUSY direct searches.
This might be a hint that supersymmetry, if realised in nature, should be considered
in a more general, flavour violating framework.
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A Derivation of the formulae for ∆mh
In this appendix we present the details of our derivation of the analytical formulae for the
GFV contributions to the lightest Higgs scalar mass shown in Sec.2. The approach is based
on Section 6 of Ref. [32].
We start with defining a one-loop corrected scalar potential of the MSSM as
V1 = V0 + ∆V1, (A.1)
where V0 is the tree-level potential and the one-loop radiative contribution in the dimen-
sional reduction (DR) scheme is given by a well know Coleman-Weinberg formula [68]
∆V1 =
1
64pi2
Str
[
M4
(
ln
M2
Q2
− 3
2
)]
, (A.2)
where Q denotes the renormalization scale, the supertrace is defined as
StrF (M) = ∑iCi(−1)2si(2si + 1)F (m2i ), and the sum goes over all the states in the
theory. For a particle i, Ci denotes the colour degrees of freedom and si the spin. The
mass matrix of the CP-even neutral Higgs bosons is given by the second derivatives of the
one-loop corrected effective potential in its minimum,
M2h0,H0 =
1
2
(
∂2V1
∂H2∂H∗2
∂2V1
∂H2∂H∗1
∂2V1
∂H1∂H∗2
∂2V1
∂H1∂H∗1
)∣∣∣∣∣
vev
. (A.3)
In the decouplig limit, mA  mZ where A is the CP-odd scalar, the mass of the lightest
Higgs boson is given by:
m2h = (M2h0,H0)11 cos2 β + (M2h0,H0)22 sin2 β + (M2h0,H0)12 sin 2β. (A.4)
Let us only consider the contribution to the scalar potential from the Higgs field and
the up-squark sector. In such a simple case the only mass matrix entering Eq. (A.2) isM2u˜
defined by Eq. (2.8),
∆V1 =
3
64pi2
tr
[
M4u˜
(
ln
M2u˜
Q2
− 3
2
)
− 2m4t
(
ln
m2t
Q2
− 3
2
)]
. (A.5)
It is now convenient to decompose the matrix M2u˜ as M2u˜ = m˜2I +M2T +M2F (where the
first term refers to the SSB mass contribution, M2T to the trilinear term contribution and
M2F to the F-term superpotential contribution, respectively) and expand Eq. (A.5) up to
the fourth power of H2. Keeping only the quartic terms one gets:
∆V1 =
3
64pi2
[
ln
m˜2
Q2
tr(M2F )2 +
1
m˜2
tr((M2T )2M2F )−
1
12m˜4
tr(M2T )4 − 2m4t
(
ln
m2t
Q2
− 3
2
)]
.
(A.6)
SinceM2F = m2t I2, the first and the fourth term of Eq. (A.6) combine to reproduce the one-
loop leading logarithm term (where we used the minimalization condition ∂∆V1/∂H2 = 0):
∆(m2h)LL =
3
8pi2v2
Y 4t v
4
2 ln
m˜2
m2t
. (A.7)
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The remaining terms define the non-logarithmic finite corrections to the scalar potential
which in general depends on the full structure of the mass matrix (2.8):
(∆V1)finite =
3
64pi2
1
m˜2
[
tr((M2T )2M2F )−
1
12m˜2
tr(M2T )4
]
. (A.8)
As a first example let us consider the case when (δu23)LR 6= 0. The terms in Eq. (A.8)
are then equal tr(M2T )4 = 2(Tu)423H42 and tr((M2T )2M2F ) = (Tu)223H42 (Y 2t + Y 2c ). Using
Eq. (A.3) and Eq. (A.4) and neglecting the charm Yukawa coupling the GFV contribution
to the Higgs mass takes the form
∆m2h((δ
u
23)LR) =
3v42
8pi2v2
[
(Tu)
2
23
m˜2
(
1
2
Y 2t −
(Tu)
2
23
12m˜2
)]
=
3
4pi2
sin2 β
[
m˜2(δu23)
2
LR
(
1
2
Y 2t −
m˜2(δu23)
2
LR
6v22
)]
. (A.9)
As a second example let us evaluate the impact of non-zero stop mixing parameter
X˜t = (Tu)33. In such a case the non-zero eigenvalues of the matrix (M2T )4 are again
degenerate and read λ1,2 = ((Tu)
2
23 + (Tu)
2
33)
2H42 . On the other hand, for the matrix
(M2T )2M2F one obtains λ1 = ((Tu)223 + (Tu)233)H42Y 2t , λ2 = (Tu)233H42Y 2t . Therefore the
traces give tr(M2T )4 = 2((Tu)223+(Tu)233)2H42 and tr((M2T )2M2F ) = (2(Tu)233+(Tu)223)H42Y 2t ,
and the one-loop correction to the Higgs boson mass takes the form
∆m2h =
3v42
8pi2v2m˜2
[
Y 2t
(
(Tu)
2
33 +
1
2
(Tu)
2
23
)
− 1
12m˜2
(
(Tu)
4
33 + (Tu)
4
23 + 2(Tu)
2
33(Tu)
2
23
)]
(A.10)
=
3
4pi2
m˜2
[
Y 2t sin
2 β
(
(δu33)
2 +
1
2
(δu23)
2
LR
)
− m˜
2
6v2
(
(δu33)
4 + (δu23)
4
LR + 2(δ
u
33)
2(δu23)
2
LR
)]
.
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